Most existing techniques which employ DWT (discrete wavelet transform) to detect servomechanism fault events are based on the analysis of measured motor current signals. However, the outcomes of these techniques tend to be unreliable when the motor suddenly accelerates or generates a very high output torque. Accordingly, to reduce the occurrence of false alarms, this paper develops a fault detection procedure based on the PICTO (PI-type closed-loop torque observer) structure and the DWT method. The PICTO structure is used to estimate the external load torque exerted on the servomechanisms. Utilizing the estimated data obtained from PICTO, a fault detection procedure is proposed which computes a "fault index" using DWT coefficients. This fault index enables the exact degree of the fault to be determined. The experimental results verify the effectiveness of the proposed fault detection approach.
Introduction
During manufacturing processes, human error and abnormal operation may result in the application of excessive loads to the servomechanisms of the manufacturing equipment. To prevent these abnormal loads from damaging the work piece or the tool, it is necessary to develop the means to detect abnormal load events such that appropriate remedial actions can be taken in a timely manner. Various types of fault detection techniques exist (1) . For electrically driven servomechanisms, the conventional approach adopted to determine whether or not the motor should be shutdown is to measure the motor current in order to establish whether an overload condition exists (2) . Some recent studies (3) , (4) have applied the DWT (discrete wavelet transform) method to develop a motor fault detection technique based on measured motor current signals. However, these fault detection strategies are similar in that they are all based on the motor output torque rather than on the external load torque. Accordingly, the outcomes of these methods tend to be unreliable if the motor suddenly accelerates or generates a very high output torque. Therefore, a requirement exists to develop servomechanism fault detection techniques which are capable of providing more reliable indications of fault events.
With this aim in mind, the present study develops a fault detection procedure based on the PICTO (PI-type closed-loop torque observer) structure and the DWT (5) , (6) method. The PICTO structure is modified to estimate the load torque for servomechanisms. Even though the external load torque on a servomechanism can be estimated by using PICTO, it is still necessary to develop a fault detection procedure to determine whether or not the estimated load torque is abnormal. In this study, the DWT method is used to assess the normality or otherwise of the estimated load torque. The DWT method is chosen quite specifically since it possesses the ability to localize the temporal features of a signal and is capable of performing a multiresolution analysis. Utilizing the estimated load torque obtained from the PICTO structure, a fault detection procedure is proposed to compute a "fault index" using the coefficients of DWT. This fault index provides a clear indication of the exact degree of the fault.
To evaluate the performance of the proposed method, this study constructs a DSP-based experimental system. The experimental results confirm the ability of the proposed method to provide a reliable indication of abnormal load torque events, thereby yielding a clear insight into the operating status of the servomechanism.
The remainder of this paper is organized as follows. Section 2 presents the mathematical model of the experimental system, while section 3 describes the design and implementation of the PICTO structure. Section 4 introduces the discrete wavelet transform method and describes its application to fault detection. Section 5 presents the experimental results. The paper closes with the presentation of some brief conclusions in section 6.
Mathematical Model of Experimental System
In order to perform a systematic study, it is necessary to establish a mathematical model of the experimental system. For reasons of simplicity, a first-order mathematical model is assumed to be sufficient to describe the experimental system. As will be shown later, this reduced firstorder model can accurately describe the system dynamics provided that the experimental system is operated within the range of frequency concerned.
1 DSP-based experimental system
The layout of the DSP-based experimental system is illustrated in Fig. 1 . As can be seen, the system consists of a test motor, a shaft connector, a load motor, and a PMC32-6000 motion control card equipped with Fig. 1 Hardware layout of DSP-based experimental system a TI TMS320C32 DSP to facilitate real-time computations. The servo-drives for both motors are set in torque mode. Meanwhile, the test motor operates under closedloop speed control and the load motor is used to simulate the external load torque arising during the manufacturing process.
2 Reduced model
The following assumptions are made to simplify the derivation of the mathematical model of the experimental system: (1) the mathematical models of the test motor and the load motor (both equipped with servo-drives) are both first-order models; and (2) the dynamics of the shaft connector can be described by a first-order system without damping effects. Based on these two assumptions, the control block diagram of the experimental system can be derived, as shown in Fig. 2 , where T e represents the electromagnetic torque generated by the test motor; T f is the torque of the shaft connector; τ L denotes the external load torque provided by the load motor; K f is the spring constant of the shaft connector; J m and J L are the moments of inertia of the test motor and the mechanical load, respectively; B m and B L denote the damping coefficients of the test motor and the mechanical load, respectively; ω rm represents the angular velocity of the test motor; and ω L is the angular velocity of the mechanical load.
Based on Fig. 2 , the transfer function from T e to ω L can be expressed as:
For reasons of practicality, the original third-order system described in Eq. (1) is reduced to a first-order system. This simplification can be justified by considering that: 1) due to physical constraints and cost considerations, it is difficult to obtain the angular velocity of the mechanical load, ω L , in practical applications; and 2) the spring constant of the shaft connector, K f is relatively large, and hence the bandwidth of the frequency response between the actuator side and the mechanical load side is larger than the bandwidth of the system operating frequency. Consequently, the angular velocity of the motor, ω rm , and the angular velocity of the mechanical load, ω L , are assumed to be equal.
Hence, since K f is relatively large and falls within the frequency concerned, Eq. (1) can be simplified to: where
3 Justification of reduced model and identification of motor parameters
To justify the reduced first-order model of the experimental system, and to identify the value of the motor parameters J and B required for implementing the PICTO structure, the closed-loop system structure illustrated in Fig. 3 is adopted to measure the transfer function between the servo-drive input and the output speed of the test motor. Since the test motor operates under speed control in this study, a PI-type velocity controller is utilized to provide appropriate torque commands. The velocity controller and the velocity estimator are both implemented at a sampling rate of 1 kHz using DSP. In accordance with the technical data provided in the servo-manual (7) , the drive gain is K a = 1.0 A/volt, the motor torque constant is K t = 0.208 N·m/A, and the tachometer gain is K rv = 7/1 000 volt/rpm.
A reference motor speed of ω * = 1 000 rpm is specified as the operating point for measuring the transfer function. The frequency response of the experimental system was measured using a dynamic system analyzer (HP3536A). A curve-fitting technique was then applied to the measured frequency response to derive a transfer function of the desired order. Using the experimental data, a first-order model and a third-order model were established for the transfer functions from T e to ω L . The associated frequency responses are plotted in Fig. 4 . The results of this figure indicate that the original third-order system can be approximated by a reduced first-order system within the frequency range concerned (25 Hz). In other words, the results confirm that it is reasonable to reduce the original third-order model to a first-order model. Note that the parameters for the reduced first-order model (Eq. (2)) are found to be J = 3.969 3 × 10 −4 kg·m 2 and B = 1.4 × 10 −3 N·m/(rad/s).
Design and Implementation of PICTO
Most existing techniques estimate the load torque of the motor by measuring the motor current. Under these techniques, if the motor current is overloaded, then the torque is considered to be abnormal. However, measuring the motor current permits estimation only of the output electromagnetic torque of the motor. In other words, the actual external load torque cannot be obtained simply by measuring the motor current. To overcome this difficulty, this study employs a PICTO structure to estimate the load torque.
3. 1 PICTO structure Figure 5 illustrates the PICTO structure, in which the observer in the lower half is used to reconstruct the original motor model. Since the exact values of the motor parameters (i.e. K a , K t , J, and B) are generally unknown, the symbol "
∧ " is used in this figure to indicate that the parameter value is an estimated value in the observer. In the PICTO structure, the estimated motor speed,ω, is compared with the actual motor speed, ω, to generate an "observer error". The observer error is then fed into a PItype controller (K 1 + K 2 /s) as a feedback compensation for the closed-loop load torque observer. Meanwhile, the K 1 and K 2 gains are used to adjust the pole position of the load torque observer. By properly selecting these gain constants, the observer error can be reduced to near zero such that the estimated and actual motor speeds are nearly identical.
2 Effects of inaccurate observer parameters
From a mathematical viewpoint, the model used in the design of the observer structure must be the same as the physical model if an accurate estimation is to be obtained. However, the mathematical model used in the present study is a linearized model. Consequently, some discrepancies necessarily exist between the mathematical model and the physical system. As a result, the linearized model is valid only around certain operating points of the experimental system. If the system is operated too far away from an operating point, the validity of the linearized model cannot be assured.
The effects of inaccurate parameter values on the estimated load torque can be clearly seen by applying Mason's Gain Rule to the block diagram in Fig. 5 . The transfer functions between u toτ L and τ L toτ L can then be obtained as:
As the torque observer reaches the steady state, the transfer functions can be further simplified to:
Furthermore, by applying the principle of superposition to Eqs. (8) and (9), the effect of inaccurate observer parameters on the load torque estimates can be calculated from:τ
When the measured values of the system parameters are accurate (i.e.K a ≈ K a ,K t ≈ K t ,B ≈ B), then the estimated load torque,τ L , and the actual load torque, τ L , are almost identical. 
3 Implementation of PICTO
Considering the PICTO structure in Fig. 5 , an integral term, K 2 /s, exists in the observer, and the angular position of the motor is obtained by integrating its angular velocity, ω. However, in this study the angular velocity of the motor is estimated on the basis of data from the incrementencoder (using the LSF 1/4 method (8) ). To avoid error accumulation, a minor modification is necessary when implementing the PICTO structure in the experimental system. A practical PICTO structure is shown in Fig. 6 , in which the integral term in the original structure is moved and combined with the motor model. Selectingx = ωθ T as the observer state vector, and y =τ L , the continuous-time dynamic equation of the practical PICTO structure is obtained as:
From the results obtained in section 2 and servodrive manual, the estimated parameter values in Eq. 8), is converted into a discretetime form by means of a zero-order hold on the plant inputs. In this study, the discrete-time form of Eq. (8) is implemented with gains of K 1 = 0.376 2 and K 2 = 2.34 and a sampling period of T = 1 ms. Two experiments are carried out to verify the performance of the PICTO structure: (1) a constant load torque of 1.0 N·m for a time of 3 ∼ 7 seconds; and (2) a variable load torque of 1.0+0.3sin5πt N·m for a time of 3 ∼ 10 seconds. In these experiments, the motor speed was established at 1 000 rpm. The corresponding simulation and experimental results are shown in Fig. 7 . It can be seen that a good agreement exists between the two sets of results. 
Discrete Wavelet Transform and Its Application to Fault Detection
To identify abnormal load torque events, this study develops a fault detection procedure based on the DWT method. Using the estimated data obtained from the PICTO structure, the proposed fault detection procedure computes a "fault index" which enables the precise degree of the fault to be determined. Before introducing the proposed fault detection approach, this paper provides an introduction to the DWT method (5) , (6) .
1 An introduction to DWT
The continuous wavelet transform (CWT) of a given signal, f (t), with respect to a mother wavelet, ψ(t), is generally defined as:
where CWT(a,b) is the continuous wavelet coefficient, a Fig. 8 Three-level decomposition of estimated load torque shown in Fig. 7 (a) is the scaling factor, and b is the shifting factor. It is noted that both variables are continuous. One of the drawbacks of CWT is that it is computationally expensive, and hence tends to be unsuitable for real-time applications. Therefore, to achieve the goal of real-time execution, a DWT implementation has been developed, as described in the paragraphs below. For a discrete signal, f (n), n = 0,1,2..., the scaling and shifting factors of the conventional DWT method are obtained by selecting a = 2 j and b = k2 j ( j,k ∈ Z). The resulting wavelet coefficients of the DWT of the digital signal f (n) at level j can be expressed as:
Similarly, the scaling coefficients are given by:
where φ j,k (n) is the scaling function associated with the wavelet function ψ j,k (n). When j > 1, the wavelet coefficients and the scaling coefficients can be written as follows:
where g(k) and h(k) are the high-pass filters and low-pass filters derived from the ψ(t) and φ(t), respectively. Figure 8 presents a three-level decomposition of the estimated load torque shown in Fig. 7 (a) , obtained using the Daubechies wavelet db1. In Fig. 8 , the scaling coefficient, a 3,k , corresponds to the low-frequency component of the estimated load torque. Conversely, the wavelet coefficients, d j,k , at different levels ( j = 1, 2, 3) correspond to the high-frequency components of the estimated load torque. Note that the Daubechies wavelet db1 is chosen quite deliberately in this study since it is both simple and compact. In particular, its discontinuity is suitable for detecting sudden changes of the signal caused by abnormal load torques.
2 Application of DWT to fault detection
The discussions presented in section 4.1 indicate that the DWT provides a set of coefficients for different levels of the estimated load torque. Hence, to achieve the goal of accurate fault detection, the scaling coefficients, a j,k , and the wavelet coefficients, d j,k , at level j can be used to calculate the fault index, FI, i.e.
where FI are the 2-norm of coefficients over an observation window containing 64 samples/cycle (the level j = 3 and sampling rate is 100 Hz, hence time window duration is 0.64 seconds). The computation of FI is based on a moving window approach, in which the one-cycle observation window is shifted by 0.1 seconds to the right in the time axis. Note that FI can be interpreted as the amount of energy in a specific level of the signal or the energy of the low-pass filtering output of the original signal. Using FI, the energy distribution of the estimated load torque can be used to determine whether or not a fault has occurred in the experimental system. Figure 9 shows the proposed fault detection procedure. If FI exceeds the threshold, λ, the counter, F c , is incremented by one. The result F c > F d (F d is a second threshold and is an integer constant) indicates that a fault has been detected in the servomechanisms. One issue to be addressed here is the appropriate specification of level j. If j is too large, the fault detection procedures may consume excessive computing resources. However, if j is too small, it may be difficult to satisfy the requirements of the DWT frequency band when performing fault detection. Hence, a trade-off between these two factors must be considered when selecting the value of j. In this study, a value of j = 3 is used. Furthermore, to maintain no-fault conditions, λ and F d are set to 10.6 and 20, respectively. A setting of λ = 10.6 corresponds to the peak torque of the test motor, i.e. 1.3 N·m, while F d = 20 indicates that a fault has occurred if FI remains above the threshold level, λ, for 2 seconds or more.
Experimental Results
In this study, four experiments were carried out to simulate various degrees of external load torque applied to the servomechanisms during a manufacturing process. These cases comprised: (1) a constant load torque of 1 N·m; (2) a variable load torque of 1.3 + 0.1sin2πt N·m; (3) a larger variable load torque of 1.4 + 0.1sin2πt N·m; and (4) a larger load torque of 1.5 N·m. In all four cases, the load torque was applied to the experimental system during the time interval of 3 ∼ 7 seconds. Fig. 10 (a) . Since FI remains below the threshold level of λ = 10.6, it can be concluded that the test motor is operating normally.
Case (2): simulates the case where the motor is not running smoothly during the manufacturing process. The corresponding variation of FI is plotted in Fig. 10 (b) . Since the duration for which FI remains above the threshold level is less than 2 seconds, no fault event will be registered.
Case (3): similar to Case (2), but with a larger variable load torque. The corresponding variation of FI is plotted in Fig. 10 (c) . FI remains above the threshold level for approximately 3 seconds, corresponding to F c = 30. This value exceeds the specified threshold level of F d = 20, and hence it can be concluded that a fault event has occurred.
Case (4): simulates the case where the motor is running under an excessive load torque. The corresponding variation of FI is plotted in Fig. 10 (d) . Since FI remains above the threshold level for approximately 3 seconds, it is clear that a fault event has occurred.
These experimental results confirm that the proposed fault detection procedure is capable of detecting abnormal load torque events for the servomechanisms accurately and reliably.
Conclusions
This study has designed and implemented a PICTO load torque observer to estimate the external load torque applied to servomechanisms. Using the estimated load torque data obtained from the PICTO structure, a fault detection procedure based on DWT has been developed to determine whether or not a fault has occurred in the servomechanisms. The experimental results have confirmed that the proposed technique is capable of estimating external load torque accurately and reliably. As such, the proposed technique provides a promising means of detecting abnormal load torque events for servomechanisms operating in a practical environment. 
